FS. TLR4 regulates cardiac lipid accumulation and diabetic heart disease in the nonobese diabetic mouse model of type 1 diabetes. Am
greater in those who have poor glycemic control and can be reduced with intensive treatment, as shown in the Diabetes Control and Complications Trial (18) .
A number of metabolic abnormalities occur in diabetes that can adversely affect cardiac function, which include increased lipid uptake, increased cardiac insulin resistance, alterations in Ca 2ϩ metabolism, direct glucotoxicity, and increased activation of the renin-angiotensin axis (5) . Fatty acids (FAs) are a key energy substrate for the heart to maintain its contractile function. Under physiological conditions, cardiac FAs are, for the most part, derived from the hydrolysis of triglyceride (TG)-rich lipoproteins by lipoprotein lipase (LPL) on the endothelial surface of the coronary arteries. During diabetes, compromised glucose utilization triggers excessive FA delivery into the heart to make up the energy deficit, leading to FA supplies far beyond FA oxidation. The excess free FAs thus augment the cardiac TG pool and stimulates cell death, which is defined as "cardiac lipotoxicity" (6) . Innate immune receptors, which include the Toll-like receptor (TLR) family, play a key role in pathogen recognition, and activation of innate immunity leading to inflammation is also important in the development of metabolic disorders and atherosclerosis. TLR4 has particularly been implicated in atherosclerosis (3, 8, 16) and may regulate the development of ischemic heart disease and hypertrophy. Recently, Kelly and colleagues (27) reported that TLR4 contributes to cardiac metabolic and functional abnormalities in sepsis through inhibition of peroxisome proliferator-activated receptor-␥ coactivator 1␣. Given the contribution of TLR4 to the development of metabolic dysfunction and heart disease, our study tested the hypothesis that TLR4 plays a role in the pathogenesis of diabetic heart disease by altering lipid metabolism. To investigate this, we examined the role of TLR4 in modulating cardiac FA metabolism and the pathogenesis of diabetic heart disease in nonobese diabetic (NOD) mice, a good animal model for the study of spontaneous autoimmune diabetes. Our data demonstrate that TLR4 deficiency reduced lipid accumulation in intact hearts in the early stages after the onset of type 1 diabetes, with a reduction in LPL (involved in the uptake of FAs) and an increase in phosphorylation of AMP-activated protein kinase (AMPK; involved in the metabolism of FAs). Our data indicate a potentially important role for TLR4 in the development of diabetic cardiomyopathy and dysfunction.
METHODS
Experimental animals. NOD mice develop spontaneous type 1 diabetes from the age of 12 wk onward, with up to 85% of female mice developing the disease by the age of 30 wk. The autoimmune disease in these genetically susceptible mice has features that are very similar to human type 1 diabetes, having both genetic components and environmental modifiers leading to the infiltration and destruction of pancreatic insulin-producing ␤-cells by autoreactive T lymphocytes. NOD.TLR4-deficient mice [TLR4 knockout (TLR4KO) mice; derived from the C57BL/10ScN strain, which has a natural mutation in TLR4] backcrossed to NOD mice (33) together with wild-type (WT) NOD/ Caj mice were used in these experiments. Mice were housed in specific pathogen-free conditions. Use of the animals was in accordance with National Institutes of Health (NIH) principles of laboratory animal care, and this study was approved by the Institutional Animal Care and Use Committee of Yale University.
Genetic typing of TLR4KO mice. Mice were typed for the genetic mutation using tail biopsy genomic DNA and standard PCR conditions with 2 mM Mg 2ϩ using the following primer pairs: TLR4KO mice, forward 5=-GTTCTCCTCAGGTCCAAGTTGCCGTTTCTTG-3= and reverse 5=-TTCTTCAAGCTTACTAACAATTCTGTTGCTTGT-3=; and WT mice, forward 5=-GGAGAGAGAGAAAGCATGATATG-3= and reverse 5=-CAGGGTAAACTGAAAAGCTGCTG-3=.
Diagnosis of diabetes. Mice were screened for diabetes by weekly testing for urine glycosuria (Diastix, Bayer), and diabetes was then confirmed by a blood glucose measurement of Ͼ13.9 mmol/l (250 mg/dl). Diabetic mice were treated daily with 1-2 units of Humulin N insulin subcutaneously (Lilly) given once a day to maintain the mice in a hyperglycemic state but in generally reasonable good health.
Quantitative PCR. Total RNA were isolated from mouse heart cells using the QIAGEN RNeasy kit and reverse transcribed using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA). TLR4 cDNA was quantified by SYBR green PCR and normalized to GAPDH using the following primers: mouse TLR4, forward 5=-CAGCAAAGTCCCT-GATGACA-3= and reverse 5=-CCTGGGGAAAAACTCTGGAT-3=; and GAPDH, forward 5=-AGGTCGGTGTGAACGGATTTG-3= and reverse 5=-TGTAGACCATGTAGTTGAGGTCA-3=.
Echocardiograms. Mice were lightly anesthetized. Echocardiograms were conducted using a 15-MHz transducer and a Sonos 7500 console. Two-dimensional images were obtained using both a short-axis plane at the level of the papillary muscles and M-mode. Data were analyzed with 7500 analysis software as previously described (15) .
Heart isolation and perfusion. Mice were injected with heparin sulfate (100 units) 10 min before terminal anesthesia and perfused (4 ml/min) in Langendorff mode with modified Krebs-Henseleit buffer containing glucose (7 mmol/l), oleate (0.4 mmol/l), BSA (1%), and a low-fasting concentration of insulin (10 U/ml) at 37°C, as previously described. A fluid-filled latex balloon connected to a solid-state pressure transducer (Millar Instruments) was inserted into the left ventricle (LV) through a left atriotomy to measure pressure. LV developed pressure (LVDP), the first derivative of LVDP (dP/dt), LV end-diastolic pressure, and heart rate were recorded using a digitalacquisition system (AD Instruments) at a balloon volume that resulted in a baseline LV end-diastolic pressure of 5 mmHg. Recordings ranging from 5 to 30 min were made (26) .
Quantification of TGs and nonesterified FAs in serum. Sera from the mice in this study were obtained at the time of termination of the experiments and analyzed in the metabolic core of the Yale Mouse Metabolic Phenotyping Center. Serum nonesterified FAs (NEFAs) were measured by the acyl-CoA synthetase-acyl-CoA oxidase enzymatic colorimetric method (Wako Pure Chemical Industries, Richmond, VA) on a Roche COBAS Mira automated chemistry analyzer (Roche Diagnostics, Indianapolis, IN). Serum TGs were measured by colorimetric enzymatic detection of glycerol after microbial lipase treatment on a Roche COBAS Mira automated chemistry analyzer (Roche Diagnostics).
Oil red O staining. Stock solutions were prepared by adding 1 g oil red O (Fluka, St. Louis, MO) into 30 ml 2-propanol (Fisher Scientific, Pittsburgh, PA). The stock solution was then diluted with distilled water at a ratio of 6:4. Frozen tissue was embedded in OCT (Fisher Scientific), and sections of 5-8 m were cut and stained with oil red O solution for 10 min followed by a rinse in tap water for 10 min. Sections were also stained with hematoxylin (Sigma-Aldrich, St. Louis, MO) for 1 min followed by a rinse in tap water for 10 min before being sealed (19) . The area positive for lipid staining was quantified by ImageJ software (NIH).
Immunofluorescence microscopy. Mouse hearts were fixed in paraformaldehyde lysine periodate buffer overnight followed by sucrose infusion at 4°C, embedded in OCT, and frozen. Sections of 6 m were cut, dried at room temperature for 20 min, and subjected to proteinase-K treatment at a concentration of 3 g/ml in PBS at room temperature for 10 min followed by three 5-min washes in PBS. Samples were blocked with 10% BSA in PBS for 1 h at 4°C. After two washes with PBS, samples were incubated in either mixed rabbit and mouse IgG or mixed rabbit anti-mouse CD36 and anti-mouse major histocompatibility (MHC) class I H-2D b antibody for 16 h at 4°C. After three washes with PBS, samples were incubated with Alexa fluor 488-conjugated goat anti-rabbit antibody (Invitrogen, Carlsbad, CA) and Alexa fluor 546-conjugated goat anti-mouse antibody (Invitrogen) at 1:400 dilutions for 1 h at 4°C. After three washes with PBS, samples were stained with 4',6-diamidino-2-phenylindole (Fluka) at a concentration of 300 nM. Images were acquired using an Axiovert 200M fluorescence microscope (magnification: ϫ20). The fluorescence intensity, which compared anti-CD36 with MHC class I staining (expressed on all cells), was quantified using ImageJ software.
Cell culture. The H9C2 myocardial cell line was obtained from the American Type Culture Collection and cultured in petri dishes in DMEM with 10% FCS, 2 mM glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin at 37°C and 5% CO 2. Cells were harvested by trypsinization with 0.1% trypsin-EDTA before being used (29) . All reagents used for cell culture were purchased from Invitrogen.
Small interfering RNA transfection. A TLR4 small interfering (si)RNA kit (Invitrogen) was used to knockdown TLR4 gene expression when H9C2 cells were 60 -70% confluent in medium without antibiotics. Nonspecific scrambled siRNA (Santa Cruz Biotechnology, Santa Cruz, CA) was used as a control. siRNA was mixed with lipofectamine transfection reagent (Invitrogen) in serum-free medium for 20 min at room temperature. The siRNA and lipofectamine mixture was then incubated with H9C2 cells at 37°C for 24 h in serum-free medium. After this, cells were either washed with cold PBS and lysed with RIPA buffer (Santa Cruz Biotechnology) for Western blot assays to measure TLR4 expression or fixed in 90% alcohol for 10 min for histological experiments.
Oleate stimulation. Oleate (Sigma-Aldrich) stock solution was prepared in PBS with 20% BSA. This solution was diluted to 0.4 mM oleate solution, and H9C2 cells were incubated for 12 h before Western blot analysis or oil red O staining (1) .
Western blot analysis. Western blot analysis was carried out as previously described (13) . Perfused heart tissue was snap frozen in liquid nitrogen, and 30 mg of heart tissue were homogenized with RIPA buffer. The supernatant was collected for protein quantification with a Bradford protein assay (Bio-Rad Laboratories) after centrifugation at 13,000 rpm. Proteins were transferred onto a Nylon membrane after electrophoresis and blocked with 5% skimmed milk in Tris-buffered saline solution containing 0.1% Tween 20. Membranes were incubated with rabbit anti-TLR4 (Sigma-Aldrich), anti-myeloid differentiation primary response gene (88) (MyD88; Millipore, Billerica, MA), anti-TRIF (Imgenex, San Diego, CA), phosphorylated Blood glucose concentrations, heart weight-to-body weight ratios, and triglyceride (TG) and nonesterified fatty acid (NEFA) levels in the serum of WT NOD mice compared with NOD.TLR4-deficient mice. A: the concentration of blood glucose remained above 16.5 mmol/l at all times after the diagnosis of diabetes in mice. Blood glucose in nondiabetic mice was Ͻ14 mmol/l. B: heart weight-to-body weight ratio measured in control nondiabetic (CON), diabetic NOD (DNOD), and diabetic TLR4KO (DTLR4KO) mice at different time points after the development of diabetes. C: serum TG concentrations in DNOD and DTLR4KO mice at different time points after the diagnosis of diabetes. TG concentrations were significantly higher in both DNOD (*P Ͻ 0.05) and DTLR4KO (#P Ͻ 0.05) mice in the first 2 mo after the diagnosis of diabetes compared with newly diagnosed mice (0 mo). D: serum NEFA concentrations in DNOD and DTLR4KO mice at different time points. NEFA concentrations were significantly higher in both DNOD (*P Ͻ 0.05) and DTLR4KO (#P Ͻ 0.05) mice in the first month after the diagnosis of diabetes compared with newly diagnosed mice (n ϭ 6). Diabetic mice were 12-14 wk of age at the time of diagnosis, and control mice were age matched.
(p-)p38 MAPK (New England Biolabs, Beverly, MA), anti-AMPK (Cell Signaling), anti-p-JNK (Promega), and LPL (Santa Cruz Biotechnology) antibodies. Goat anti-rabbit horseradish peroxide-conjugated antibody (Abcam, Cambridge, MA) was used as a secondary antibody, and blots were developed with Amersham ECL Western Blotting Detection Reagents (GE Healthcare, Piscataway, NJ). H9C2 cells were washed three times with cold PBS and homogenized using the same protocol as for preparation of the heart tissue for Western blot analysis (36) . Statistical analysis. GraphPad Prism software was used for statistical analysis. All values are shown as means Ϯ SD. One-way ANOVA followed by the least significant difference calculation or Student's t-test was used to analyze differences between groups. P values of Ͻ0.05 were considered to be statistically significant. (33) were derived from the C57BL/10ScN strain, which has been shown to be highly resistant to entotoxin due to TLR4 deficiency (21) related to a null mutation in TLR4, as shown by the mouse genotyping in Fig. 1A . NOD.TLR4-deficient mice developed a higher incidence of diabetes compared with WT NOD/Caj mice (Fig. 1B) . This was likely to be due to environmental factors as a similar strain of NOD.TLR4-deficient mice did not show a significant increase in the rate of development or overall increase in the incidence of diabetes in a different animal housing facility (33) . However, once the mice were diabetic, blood glucose levels in the two groups of diabetic mice were maintained at a similar level, as shown in Fig. 2A . There were no significant differences in the ratio of heart weight-to-body weight between diabetic NOD (DNOD) and diabetic NOD.TLR4-deficient (DTLR4KO) mice (Fig. 2B) . Hyperlipidemia was induced in the early stages of diabetes in both DNOD and DTLR4KO groups. Our results demonstrated a three-to fivefold increase in the concentration of TGs in the first 2 mo after the diagnosis of diabetes in both DNOD and DTLR4KO mice compared with age-matched nondiabetic control mice (Fig. 2C) . TG levels peaked in the second month after the onset of diabetes, whereas NEFA levels were highest in the first month after the development of diabetes. However, there were no significant differences in TG (Fig. 2C) or NEFA (Fig. 2D) concentrations between DNOD and DTLR4KO mice.
RESULTS

Type 1 diabetes develops in NOD and NOD.TLR4-deficient mice. NOD.TLR4-deficient mice
TLR4 regulates cardiac TG augmentation after early but not long-term diabetes. TLR4 is upregulated in cardiomyocytes after the onset of diabetes in NOD mice (Fig. 3A) . Thus, to test whether TLR4 is involved in the toxic lipid effects seen in diabetes, we assessed lipid accumulation in the hearts of DNOD and DTLR4KO mice with oil red O staining (Fig. 3B ). TG accumulation in both DNOD and DTLR4KO hearts was considerably increased after the onset of diabetes in a time- Merged images are shown on the middle right, and 4=,6-diamidino-2-phenylindole staining (nuclei) is shown on the right. Images were acquired using an Axiovert 200M fluorescence microscope (magnification: ϫ20) with staining of both CD36 and MHC I shown in representative tissue sections. H: CD36 green fluorescence intensity was normalized to MHC I red fluorescence intensity using ImageJ software. n ϭ 3 mice/group. Student's t-test showed no significant differences between the groups (P ϭ 0.087). Diabetic mice were 12-14 wk of age at the time of diagnosis of diabetes, and control mice were age matched. dependent manner. Despite similar levels of lipid in the circulation, there was higher lipid deposition in DNOD hearts compared with DTLR4KO hearts in the first 3 mo after the development of diabetes. This difference was not statistically significant at later time points (Fig. 3C) . Our data suggest that TLR4 may regulate cardiac FA metabolism in early diabetes.
TLR4 deficiency is associated with lower levels of MyD88, p-p38, and LPL in the heart after diabetes. LPL, synthesized by cardiomyocytes, is a major modulator of lipid metabolism in the heart (23). The phosphorylation and activation of p38 increase LPL activity in cardiomyocytes (12) . TLR4 modulates MAPK (p38) activation through interactions with MyD88 and TRIF (34) . Thus, we tested whether TLR4 regulates cardiac lipid accumulation through p38 and LPL. We measured MyD88 and TRIF in both WT and TLR4KO hearts and found that there was decreased protein expression of MyD88 in TLR4-deficient hearts after the onset of diabetes compared with WT mice (Fig. 4, A and B) . However, there was no difference in the expression of TRIF between these two groups (data not shown). Concordant with the results seen for lipid accumulation in cardiac muscle (Fig. 3) , p-p38 (Fig. 4, C and  D) and cardiac LPL (Fig. 4, E and F) were significantly lower in DTLR4KO mice compared with DNOD mice in the first 2 mo after the development of diabetes, but the difference was not significant at later time points. To further test parameters associated with lipid transport into tissues, we also examined CD36, which acts as a FA translocase and also influences the uptake of free FAs. However, unlike the changes seen with LPL, although there was a suggestion that CD36 expression may be reduced in DTLR4KO heart tissue, there was no significant difference in CD36 expression between DTLR4KO and DNOD mice (Fig. 4, G and H) . TLR4 deficiency increases AMPK and reduces JNK activation. To investigate other mechanisms for the lower lipid accumulation in cardiomyocytes in the early stages after the onset of diabetes, we examined AMPK, as this protein has been recognized to regulate cardiac metabolism after diabetes. The data indicated that AMPK was significantly increased after the onset of diabetes in both NOD and NOD.TLR4-deficient mice. However, DTLR4KO hearts had a greater enhancement in AMPK phosphorylation (Fig. 5, A and B) and its downstream target acetyl-CoA carboxylase (Fig. 5, C and D) compared with DNOD hearts. Given the important role of AMPK in FA metabolism, we speculate that TLR4 deficiency may facilitate the upregulation of cardiac FA metabolism through AMPK activation after diabetes.
In concert with this upregulation of AMPK, we also tested the activation of JNK as a downstream mediator of cardiomyocyte damage. As shown in Fig. 5 (Fig. 6, A-D) .
TLR4 knockdown alters MyD88 and p38 phosphorylation and LPL in H9C2 cells after FA treatment. To further test whether TLR4-regulated FA uptake occurs through p-38 and LPL pathways, we examined the expression of Myd88 and LPL as well as the phosphorylation of p38 in H9C2 cells. Oleate treatment increased MyD88 expression, which was attenuated by the inhibition of TLR4 (Fig. 7, A and B) . In addition, the expression of LPL and the phosphorylation of p38 were upregulated by FA, and TLR4 knockdown reversed this effect (Fig. 7, C-F) . These data, combined with the data shown in Fig. 4 , suggest that TLR4 plays a role in regulating p38 and LPL pathways, and this may contribute to FA accumulation in cells.
TLR4 regulates diabetic cardiac dysfunction. In animal models of lipotoxicity, the accumulation of lipids within cardiomyocytes is associated with contractile dysfunction (28) . To measure the functional changes associated with diabetes in cardiomyocytes, we performed echocardiograms in diabetic mice 2-3 mo after the development of diabetes. We also studied perfused hearts 3 mo after the development of diabetes. LV internal dimensions in systole, as a measure of systolic contraction, were significantly increased in DNOD mice compared with nondiabetic control mice (Fig. 8A) . In addition, both ejection fraction (in %) and fractional shortening (in %) de- creased significantly in DNOD mice compared with nondiabetic control mice (Fig. 8B) . However, in DTLR4KO mice, the LV internal dimensions in systole was smaller and ejection fraction and fractional shortening were both greater compared with WT DNOD mice, indicating reduced impairment in the absence of TLR4, at an early time point after the onset of diabetes. When Langendorff-perfused heart preparations from diabetic mice were examined, we found that the rate-pressure product (LVDP ϫ heart rate) was decreased in hearts from both DNOD and DTLR4KO mice. This decrease was greater in WT DNOD mice at 5, 10, and 15 min compared with DTLR4KO mice (Fig. 8C) .
DISCUSSION
Diabetic heart disease is not only a consequence of vascular abnormalities related to atherosclerosis, but its development is also linked to metabolic dysfunction in the heart. TLR4 is expressed in the heart (4) and is linked to atherosclerosis (3) and ischemia-induced cardiac dysfunction (35) . It has been reported to play a key role in metabolic dysfunction and heart disease (17). Thus, our study aimed to investigate the role of TLR4 in regulating cardiac metabolism, especially FA metabolism and heart disease after the development of autoimmune diabetes in NOD mice. Both WT NOD and NOD.TLR4-deficient mice had considerably increased plasma TG levels after the onset of diabetes. However, compared with WT NOD mouse hearts, NOD.TLR4-deficient mouse hearts had lower TG accumulation in the early stage of diabetes. This reduced fat accumulation was associated with reductions of MyD88, p-p38 MAPK, LPL, and p-JNK. Conversely, we found increased activation of the AMPK pathway. Oleic acid treatment in H9C2 cardiomyocytes also led to cellular lipid accumulation, which was attenuated by knockdown of TLR4 using TLR4 siRNA. The induced TLR4 deficiency in H9C2 cells decreased FA-induced augmentation of MyD88, p-p38, and LPL, suggesting that TLR4 may modulate FA-induced lipid metabolism in cardiomyocytes. In addition, although cardiac function was impaired in both WT NOD and NOD.TLR4-deficient animals after the development of diabetes compared with DNOD mice, this deficit was less in DTLR4KO mice in the early stages of diabetes. Thus, we conclude that TLR4 plays a hitherto unreported role in regulating cardiac metabo- lism and heart disease in the early stages after the onset of type 1 diabetes. In the present study, although lipid levels rose in all the diabetic mice, NOD.TLR4-deficient hearts demonstrated an initial lower level of lipid accumulation after the development of diabetes compared with hearts from WT NOD mice, suggesting that TLR4 may play a role in lipid uptake and metabolism in the heart after acute glucose stress. We examined a number of key proteins involved in the uptake of FAs and metabolism in cardiomyocytes. LPL is central to the metabolism of TG-rich lipoproteins and is a major enzyme in the regulation of the FA supply to cardiac muscle for energy generation. Cardiomyocytes synthesize LPL, which is transported to the cardiomyocyte cell surface onto heparan sulfate proteoglycan-binding sites and ultimately to heparan sulfate proteoglycan sites on the capillary endothelium, where TG-rich lipoproteins are hydrolyzed (32) . Many factors, including glucocorticoids (25) , diabetes, and insulin resistance (22) , regulate LPL protein expression and activity (12) . Here, TLR4 deficiency was associated with a lower level of LPL in the early stages of diabetes with the highest levels of plasma FAs and TGs, suggesting that the absence of TLR4 may initially limit FA uptake in part through inhibition of LPL in the heart. TLR4 signaling activates MAPK family members, including p38 and JNK, through its downstream protein MyD88 (20) , and p38 MAPK has been shown to be an important means by which LPL is transported to the cardiomyocyte surface (31) . TLR4 deficiency, as might be expected, led to reductions of MyD88 protein, p-p38, and p-JNK. The decrease in p-p38 MAPK together with LPL in our DTLR4KO mice suggests that signaling through TLR4 contributes to the regulation of LPL synthesis and translocation into its functional position, the endothelial surface, contributing to the accumulation of lipids in cardiac muscle. As JNK activation has been implicated in cardiac ischemic damage (24) , the reduction in p-JNK may also contribute to the delay in the development of cardiac dysfunction. A recent study (11) has indicated that saturated FAs are TLR4 ligands that can modulate insulin resistance through the augmentation of ceramide generation, although there is no previous evidence to suggest that unsaturated FAs are TLR4 ligands. However, whether the high levels of NEFAs after the onset of diabetes contain FA ligands of TLR4 that ) . B: ejection fraction (EF; in %) and fractional shortening (FS; in %). C: hearts were isolated and perfused for 30 min, and LV developed pressure (LVDP) multiplied by heart rate (mmHg·beats·min Ϫ1 ) was measured. *P Ͻ 0.05, DNOD mice vs. control mice; #P Ͻ 0.05, DTLR4KO mice vs. DNOD mice. Diabetic mice were 12-14 wk of age at the time of diagnosis of diabetes, and control mice were age matched at the time of measurement.
regulate LPL in the heart was an unanswered question. To examine this, we exposed H9C2 cardiomyocytes to high levels of oleate treatment, as one component of raised lipids in the serum of diabetic mice. We showed that oleate treatment increased p-p38 MAPK and augmented LPL protein. This effect of oleate was reduced after knockdown of TLR4, which reinforced the observation that TLR4 may be important for the increased lipid deposition in these cells.
Although there is an effect on LPL that increases uptake of lipids in the heart, this is not the only pathway of transport of lipids into cardiomyocytes. However, we did not observe a clear difference in the expression of CD36, which also has an important role as a FA translocase (7) . CD36 interacts with TLR4 and TLR6 to form a heterotrimeric complex through which atherogenic lipids may cause damage (30) . In our experimental system, although TLR4 is deficient, TLR6 is still intact, and this may contribute to the fact that we did not observe clear differences in the expression of CD36.
In addition to changes in the uptake of FAs, TLR4 may regulate the FA utilization pathway. AMPK has been recognized to play a key role in modulating FA metabolism after diabetes. A previous report (35) has indicated that TLR4 is negatively related to AMPK activation in the heart after ischemia-reperfusion. In the present study, we found that, although diabetes increased AMPK phosphorylation in both DNOD and DTLR4KO hearts, NOD.TLR4KO-deficient hearts demonstrated a higher level of AMPK and acetyl-CoA carboxylase phosphorylation compared with NOD hearts after early diabetes. Thus, we believe that TLR4 deficiency not only reduces FA delivery into cells after diabetes but also increases FA utilization. Both of these mechanisms would contribute to the decreased FA accumulation and lipotoxicity in cardiomyocytes and prevent cells from the development of cardiomyopathy in the early stages. It is not clear why these protective changes are only seen in the early stages, but we speculate that this may be related to later saturation of the receptors, and, thus, the protective effects are no longer seen.
Finally, in parallel with the noted alterations in lipid metabolism, the myocardial dysfunction seen in DTLR4KO mice was attenuated up to 3 mo after the diagnosis of diabetes. The abnormalities of systolic dysfunction were greater in WT DNOD mice compared with those found in DTLR4KO mice, as measured by the reduced ejection fraction, fractional shortening, and LVDP and increased LV internal dimensions in systole. As expected, there was no myocardial dysfunction in nondiabetic mice that were TLR4 sufficient or deficient. Although there were no measurable differences in serum lipid levels between TLR4-sufficient or -deficient DNOD mice, the myocardial dysfunction seen in our study indicates that the raised lipid levels have different consequences and may be disposed of differently in the presence or absence of TLR4. It is not clear, at this stage, whether lipids can directly alter myocardial function through TLR4.
In conclusion, we have demonstrated that, in the presence of TLR4, DNOD mice develop more accelerated cardiac abnormalities both in terms of earlier fat infiltration of cardiac muscle as well as earlier manifestation of cardiac dysfunction compared with the delayed onset seen in DTLR4KO mice. This implies that signaling pathways through TLR4 contribute to the damage inflicted on cardiac muscle in diabetes. We postulate that modulation of TLR4 may help to reduce the severity of cardiac complications in diabetes.
